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Thirteen different glycoproteins are incorporated into mature herpes simplex virus type 1 (HSV-1) virions.
Five of them play important roles during entry, while others intervene during egress of the virus. Although
HSV-1 gM is not essential in cell culture, its deletion reduces viral yields and promotes syncytium formation.
Furthermore, gM is conserved among herpesviruses, is essential for several of them, and can redirect the gD
and gH/gL viral glycoproteins from the cell surface to the trans-Golgi network, where gM presumably modu-
lates final capsid envelopment. Late in infection, gM reaches the nuclear envelope and decorates perinuclear
virions. This process seemingly requires U; 31 and U, 34 and occurs when several markers of the trans-Golgi
network have relocalized to the nucleus. However, the precise mechanism of gM nuclear targeting is unclear.
We now report that gM is quickly and specifically targeted to nuclear membranes in a virus-dependent manner.
This occurs prior to the HSV-1-induced reorganization of the trans-Golgi network and before gM enters the
secretory pathway. The presence of a high-mannose glycosylation pattern on gM further corroborated these
findings. While gM was targeted to the inner nuclear membrane early in infection, its partners gD, gH, gN,
VP22, U, 31, and U, 34 did not colocalize with gM. These data suggest that nuclear gM fulfills an early nuclear

function that is independent of its known interaction partners and its function in viral egress.

Herpes simplex virus type 1 (HSV-1) virions are composed
of a DNA core, an icosahedral capsid, a tegument layer, and an
envelope containing 13 different glycoproteins (52). These gly-
coproteins are involved in various aspects of the viral life cycle,
including entry, egress, and acquisition of the final envelope.
Hence, gB, gC, gD, and the gH/gL complex mediate attach-
ment and fusion of the virus at the cell surface (70). Following
new protein expression, these proteins, along with gM, are
eventually localized in the nuclear envelope (7, 15, 24, 35, 46,
79, 84). While it has been suggested that some of the viral
glycoproteins mediate the passage of the viral capsids through
the nuclear membranes, others have argued that this process is
independent of these proteins (24, 39, 48, 93). Late during the
viral life cycle, gB, gD, gK, U, 20, and the gE/gI, gH/gL, and
gM/gN complexes anchor the progeny capsids to the trans-
Golgi network (TGN) via partially redundant interactions with
components of the tegument (29, 47, 56, 57). The presence of
the viral glycoproteins at the TGN, the presumed site of final
envelopment (30-33, 41, 68, 69, 85, 89-91), ensures their in-
corporation into mature virions and proper viral egress. The
viral glycoproteins are thus important players in the biology of
herpesviruses.

The U, 10 gene codes for a glycoprotein of 473 amino acids
referred to as gM. This N-glycosylated viral glycoprotein,
which is predicted to contain eight transmembrane domains
(18), is expressed as a precursor of 47 kDa, modified with high-
mannose-type oligosaccharides to yield a 50-kDa molecule,
and finally processed into a 53- to 63-kDa mature protein (6).
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Though formally classified as a late protein, its transcript can
be detected as early as 2 h postinfection (p.i.) and before DNA
replication takes place (72, 80). HSV-1 gM is not essential in
cell culture but is conserved throughout the herpesvirus family
(58), arguing for a significant role during the viral life cycle.
Consistently, its deletion reduces viral titers by 10- to 100-fold
in various herpesviruses, including HSV-1 (5, 21, 27, 42, 48).
Interestingly, a synergistic reduction of viral yields occurs when
egM is depleted in combination with U; 11 or gE/gl in the
related pseudorabies virus (PRV), a swine herpesvirus, but
surprisingly not for HSV-1 (9, 10, 43, 48). The accumulation of
unenveloped, tegumented capsids in the cytosol in these mu-
tants indicates that gM may play a role during secondary en-
velopment of the virus. Furthermore, gM prevents syncytium
formation mediated by gB, gD, and gH/gL (40, 44, 86) and has
also been reported to have a role during PRV cell entry (21).
Thus, gM seems to have multiple roles during the viral life
cycle.

The HSV-1 gM glycoprotein functionally interacts with mul-
tiple viral proteins. For instance, gM redirects gD and gH/gL to
the TGN in transfected cells (17). This is due to the presence
of a classical endocytic signal at its carboxyl terminus, which
recycles gM from the plasma membrane and promotes its
accumulation at the TGN late in infection as well as in trans-
fected cells (17). Another interacting partner is the tegument
protein VP22, encoded by U, 49, itself interacting with the
gE/gl viral glycoproteins (26, 81). The gM proteins of several
herpesviruses also associate with gN (2, 36, 44, 45, 50, 54, 55,
73, 94), but this has not yet been experimentally demonstrated
for HSV-1 gM. Finally, the nuclear localization of gM late
during infection is partly dependent on U, 31 and U, 34 (92).
These various interactions most likely contribute to and mod-
ulate gM functions.
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HSV-1 gM is localized at the plasma membrane, at the
TGN, and on mature extracellular virions (6, 17, 52). It has also
recently been reported at nuclear envelopes and on perinu-
clear virions (7), suggesting gM may regulate the nuclear
egress of capsids, though one study suggests gM is not involved
in this process (48). The concomitant retrieval to the nucleus of
TGN and Golgi markers, along with gM, suggests a mechanism
whereby gM might be passively relocalized to the nucleus (7)
upon viral disruption of the TGN (3, 4, 13, 20, 85). However,
the modulation of the nuclear localization of gM by U, 31 and
U 34 (92) suggests a more active mechanism. Unfortunately,
the functional relevance and mechanism of targeting gM to the
nucleus have remained elusive so far.

To further characterize HSV-1 gM, we probed its nuclear
targeting. We found that the protein was detected on nuclear
membrane invaginations and speckles early in infection at a
time when other HSV-1 glycoproteins (i.e., gB, gD, and gH)
were not detectable in that compartment. Experiments to eval-
uate the mechanism of gM targeting indicated it was not pas-
sively recycled from the TGN but rather actively and specifi-
cally targeted to the nucleus. Thus, the vast majority of gM was
localized to the nucleus at 4 to 6 h p.i., at a time when gB, gD,
and gH had accumulated at an intact TGN and were undetect-
able on nuclear membranes. Analysis of gM nuclear targeting
revealed that it did not enter the secretory pathway early dur-
ing infection and therefore could not be retrieved to the nu-
cleus from the TGN, the Golgi apparatus, or the endoplasmic
reticulum (ER) Golgi intermediate compartment (ERGIC).
The presence of a high-mannose, immature glycosylation pat-
tern on gM at these early infection times was consistent with its
localization on nuclear membranes. Altogether, it suggests gM
most likely did not make it past the ER during the early phase
of the infection. This phenotype requires the expression of at
least one other viral protein, as transfection of gM alone does
not result in gM localization to the nuclear compartment.
However, none of its known interacting partners (gD, gH, gN,
VP22, U, 31, or U, 34) colocalized with gM at 4 h p.i. Further-
more, the previously reported interaction between gM, gD,
and gH/gL (17) did not occur on nuclear membranes at early
time points. These findings highlight an early, active, and spe-
cific gM nuclear targeting that relies on a novel targeting
mechanism that does not depend on the reorganization of the
TGN late in infection or on the gM functional partners char-
acterized so far.

MATERIALS AND METHODS

Cells and viruses. BHK, Vero, and 143B tk ™~ cells were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Medicorp), 2 mM L-glutamine (Invitrogen), and antibiotics (100 U/ml
penicillin and 100 pg/ml streptomycin) at 37°C in 5% CO,. For 143B tk ™ cells,
15 pg/ml 5-bromo-2 deoxyuridine (Sigma-Aldrich) was added to the medium,
except prior to infection. Wild-type HSV-1 strain 17" and mutant viruses (see
below) were all propagated on BHK cells, and their titers were determined by
plaque assay on Vero cells.

Constructs. The ER retention (KKSL) and control (KKSLAL) trafficking
signals were introduced into the gM of the previously described HSV-1 bacterial
artificial chromosome (BAC) clone pHSV-1(17*)bluelox, which contains almost
the entire genome of HSV-1 strain 177, lacZ, and a eukaryotic Cre recombinase
expression cassette but lacks the gene Uy 23, which codes for the viral thymidine
kinase, and OriL (61). The BAC genes and the eukaryotic Cre recombinase ex-
pression cassette are flanked by LoxP sites (61). pHSV-1(17")bluelox was main-
tained in the Escherichia coli strain DH10B under chloramphenicol selection. For
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mutagenesis, a selection and counterselection cassette was generated by PCR am-
plification of pRpsLneo (Gene Bridges; Germany) using the primers acgaccccgage
ccgeegaggacceegtgtacageaccgteegeegttggggcctggtgatgatggegggateg (forward primer)

and ccaaaacaatgttctgttacggtcgcacgegtgtegtttttaaaaaacctc tegtc: gcg (re-
verse primer), which included sequences homologous to adjacent regions of the

HSV-1 U, 10 stop codon (underlined), as well as to the pRpsLneo plasmid (Fig.
1A). This RpsLneo cassette was electroporated into DH10B bacteria containing
pHSV-1(17")bluelox and pKD46, a plasmid encoding the Red recombinase (60,
97). Red expression was induced with 1% (wt/vol) L-arabinose at 37°C for 1 h,
and recombinant BACs were selected for kanamycin resistance. In the second
step, the RpsLneo cassette was replaced with a second PCR product that am-
plified the same end region of gM and that contained a KKSL or KKSLAL tag
(indicated in uppercase boldface letters), as well as diagnostic restriction sites
(EcoRYV in both constructions and Nhel for the KKSLAL construct; the restric-
tion sites are underlined). The primers used for this second PCR were acgaccc
cgagceegeegaggacceegtgtacageacegtecgeegttggtacacegatategatatcgaaatgaacegtetgg
gtAAGAAGTCCCTGtagctgtttggttecgttttaataaac (KKSL forward primer), ccaaaa
caatgttctgttacggtegeacgegtgtegtttttaaaaaace (KKSL reverse primer), acgaccccgag
ccegecgaggaccecgtgtacageacegteegeegttggtacaccgatatcgaaatgaacegtetgggt AAGAA
GTCGCTAGCACTAtagctgtttggtteegttttaataaac (KKSLAL forward primer), and
ccaaaacaatgttctgttacggtegeacgegtgtegtttttaaaaaacc (KKSLAL reverse primer).
After selection for the loss of streptomycin sensitivity (i.e., removing the RpsL
gene), the pHSV-1(17")bluelox clones were analyzed for the correct insertion by
PCR, restriction analysis, and sequencing. The BACs containing tagged versions
of gM were named HSVBAC-gM/ER and HSVBAC-gM/CTL. BAC DNA was
prepared from 500-ml overnight E. coli cultures using the NucleoBond BAC100
kit (Macherey & Nagel, Diiren, Germany) and were used to transfect 143B cells
(MBS mammalian transfection kit). Once significant cytopathic effects had de-
veloped, the cells were collected and freeze-thawed three times, and the resulting
lysates were used to generate viral stocks. These mutant viruses were named
HSV-gM/ER and HSV-gM/CTL, respectively. Note that these viruses also con-
tained one loxP site and lacZ for the expression of beta-galactosidase.

To evaluate the quality of the mutagenesis, the engineered viruses were ana-
lyzed by various means. First, the insert was amplified by PCR, using wild-type
HSV-1, HSV-gM/ER, and HSV-gM/CTL viral DNAs as templates, and analyzed
on an agarose gel. As expected, the wild-type virus produced a 334-nucleotide
fragment, while the two mutants ran slightly more slowly, consistent with the
additional presence of the ER and control tags (Fig. 1B). Second, the above-
mentioned PCR products were digested with Nhel or EcoRV. The control
wild-type PCR sequence did not contain any Nhel and EcoRV restriction sites
and therefore yielded the same 334-nucleotide fragment as when it was not
digested (Fig. 1C, gM/WT). In contrast, the gM/CTL PCR fragment was cleaved
once by Nhel or once by EcoRV, as expected, to give two bands. Moreover, the
gM/ER PCR fragment was predicted to contain an EcoRV restriction site but no
Nhel restriction site, as observed experimentally (Fig. 1C). Finally, sequencing of
the gM region of the viruses confirmed their correct mutagenesis (data not
shown). The presence of the ER and control targeting sequences had no impact
on HSV-1 growth in noncomplementing cells and consequently had no effect on
viral entry, replication, assembly, or egress (Fig. 1D).

For transient expression, we also constructed gM/ER and gM/CTL expression
plasmids. To this end, the gM coding sequence was amplified from the above-
mentioned HSVBAC-gM/ER or HSVBAC-gM/CTL template and subcloned
into the pEGFP-C3 mammalian expression vector (Clontech). The resulting
constructs, pEGFP-gM/ER and pEGFP-gM/CTL, were sequenced to confirm
the presence of the insert and the desired tags.

Single-step growth curve. 143B tk ™ cells grown in six-well plates were infected
at a multiplicity of infection (MOI) of 3 with wild-type HSV-1, HSV-gM/CTL, or
HSV-gM/ER and overlaid with standard medium. At various times, culture
supernatants were harvested, and the released virions were concentrated for 1 h
at 39,000 X g, resuspended in MNT buffer (30 mM MES [morpholineethane-
sulfonic acid], 100 mM NaCl, and 20 mM Tris-HCI, pH 7.4), and snap-frozen in
liquid nitrogen. All samples were assayed for infectious virus by titration on Vero
cells.

HSV-1 infection. 143B tk~ cells were grown overnight on glass coverslips. The
cells were mock treated or infected with wild-type HSV-1 at an MOI of 2 to 5 for
1 h at 37°C for absorption and then grown in standard medium at 37°C for the
times indicated. Two hours later, the medium was supplemented with 20 pg/ml
taxol (Sigma), which stabilizes microtubules and limits the dispersal of the Golgi
apparatus/TGN stacks by the infection without any effect on viral egress or host
protein secretion (4, 77, 88). When indicated, the cells were then either shifted
to 15°C or 20°C in standard medium containing 20 p.g/ml cycloheximide (Sigma-
Aldrich) to ensure a single pulse of viral assembly (14, 85). All samples were
treated for immunofluorescence microscopy as described below.
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FIG. 1. Construction and generation of recombinant virus. (A) Sche-
matic diagram of the selection and counterselection approach to introduce
gM/KKSL (ER retention signal) or gM/KKSLAL (inactive signal) into the
viral genome of HSV-1 strain 17" present in the pHSV1(17")bluelox bac-
mid. Shown at the top is the viral genome map with the unique long (UL) and
unique short (Us) regions, the internal repeats (IR), and the terminal repeats
(TR) and the enlargement of the U, 10 (gM) and U, 11 gene regions. The
mutagenesis involved the synthesis by PCR of a selection and counterselec-
tion cassette encoding a selectable (neo; light-gray box) and a counterselect-
able (RpsL; white box) marker flanked by HSV-1 sequences (dark-gray box).
Following the insertion of this cassette into the pHSV1(17")bluelox back-
bone by homologous recombination, a second PCR fragment covering the
end region of the tagged gM and containing the control or ER retention tag
was amplified from pHSV1(17")bluelox and used to subsequently remove
the selection cassette, once again by homologous recombination. The stippled
box represents the tag sequences into which restriction sites were introduced
for diagnostic purposes. hm, homologous sequences; RpsL, streptomycin
sensitivity gene; neo, kanamycin resistance gene. (B and C) The recombinant
BACs (HSVBAC-gM/CTL and HSVBAC-gM/ER) were finally transfected
into 143B cells to reconstitute recombinant viruses. Analyses of these viruses
by PCR (B) and restriction enzyme digestion (C) were performed to verify
the mutagenesis (see the text for details). (D) A single-step growth kinetics
assay of wild-type HSV (HSVwt), HSV-gM/CTL, and HSV-gM/ER was
performed. 143B cells were infected at an MOI of 5, and the supernatant was
harvested at the indicated time and concentrated by centrifugation. The yields
of released infectious virus were then determined by plaque assays on Vero
cells. All values are the means of three independent experiments, and the
small error bars depict the standard deviations of the means.
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Dual transfection and HSV-1 infection. 143B tk ™ cells grown in 24-well plates
were transfected with 0.8 pg/well pPEGFP-gM/ER or pEGFP-gM/CTL using
Lipofectamine 2000 (Invitrogen). Twenty-four hours later, the cells were either
immediately fixed and permeabilized for immunofluorescence microscopy or
further infected to analyze the subcellular localization of green fluorescent pro-
tein (GFP)-labeled gM expressed from the transfected plasmid in the context of
an HSV-1 infection. For the latter, the transfected cells were either infected with
wild-type HSV-1 or mock treated as described above. At various times following
infection, the cells were fixed and permeabilized for immunolabeling as detailed
below.

Immunofluorescence microscopy. Cells were fixed in 3% paraformaldehyde in
phosphate-buffered saline (PBS) and washed with PBS, and any remaining fix-
ative was inactivated with 50 mM NH,CI in PBS. The cells were permeabilized
using 0.1% Triton X-100 for 4 min, and nonspecific protein binding sites were
blocked with 10% fetal bovine serum. The specimens were labeled for 1 h at
room temperature or overnight at 4°C with primary antibodies diluted in 10%
fetal bovine serum, washed, and incubated with secondary antibodies. The sam-
ples were mounted on glass slides in Mowiol containing 0.1 pg/ml Hoechst 33342
(Sigma-Aldrich) to stain the nuclei. For confocal microscopy, the nuclei were
stained with Topro-3 (Invitrogen). The following antibodies were used: PAS980
polyclonal anti-gM (courtesy of Lynn Enquist), TGN46 (Serotec), Calnexin
(Stressgen), G1/93 anti-ERGICS3 (from Hans-Peter Hauri), Golgin97 (Molec-
ular Probes), p230 (BD Transduction Laboratories), monoclonal antibody
(MAD) 414 anti-nuclear pore complex (NPC) proteins (Covance Research Prod-
ucts), ICP5 anti-VP5 (Cedarlane), ID3 anti-gD (from Gary Cohen and Rosalyn
Eisenberg), LP11 anti-gH (from Helena Brown), MAb 15betaB2 anti-gB (from
David C. Johnson), anti-ICP4 and anti-ICPO (Abcam), AGV031 anti-VP22
(from Gillian Elliott), U; 31 (from Joel Baines), and U 34 (two different anti-
bodies, one from Richard Roller and the second from Susanne Bailer [M. Ott
and S. Bailer, unpublished data]). All secondary antibodies (Alexa 350, 488, and
568) were from Molecular Probes. Fluorescence microscopy was performed with
an Axiophot wide-field fluorescence microscope (Zeiss) equipped with filters and
a Retiga 1300 camera (Q Imaging). The images were acquired and analyzed with
Northern Eclipse imaging software (Empix Imaging). They were processed and
assembled with Photoshop 6.0 (Adobe). Confocal microscopy was performed
with a DM IRBE inverted microscope (Leica) equipped with a Leica SP1 spec-
trometer and argon (488-nm), argon-krypton (568-nm), and helium-neon (647-
nm) lasers. The confocal sections were acquired using 100X objectives and were
reconstructed and processed with LCS Lite software.

Analysis of gM glycosylation. HeLa cells grown in suspension were infected
with wild-type HSV-1 strain 17" or mock infected for 6 to 8 h at 37°C, pelleted,
washed, resuspended in RSB buffer (10 mM NaCl, 10 mM Tris-Cl, pH 8.4, 5 mM
MgCl,), and broken mechanically, and the nuclei were harvested as previously
described (67). For cell lysates, total-membrane preparations, and extracellular
virions, 143B or HeLa cells grown on 100-mm petri dishes were infected with
wild-type HSV-1 strain 17% for 16 to 24 h at 37°C. Virions from the supernatants
were harvested and concentrated by centrifugation for 1 h at 77,000 X g and then
resuspended in 100 pl lysis buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1%
NP-40, 1 mM EDTA, 10 mM NaF, and a cocktail of protease inhibitors). Cell
lysates were prepared from the same dishes by scraping the cells in 1 ml of
ice-cold PBS containing protease inhibitors and breaking them with three quick
cycles of freezing and thawing. The total-membrane fractions were derived by
fractionation of the above-mentioned cell lysates by centrifugation at 112,000 X
g for 1 h and resuspension of the membrane pellets in 200 wl lysis buffer. These
samples were denatured in denaturing buffer (0.5% sodium dodecyl sulfate
[SDS], 1% mercaptoethanol) and digested for 1 h at 37°C with 500 U of en-
doglycosidase H (endo H) (New England Biolabs) according to the manufactur-
er’s recommendations. The samples were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to a polyvinylidene difluoride membrane,
and probed with the PAS980 polyclonal antibody. The detection was performed
with a Super Signal West Pico chemiluminescence kit (Pierce) and Kodak
BioMax light film. Quantitative analysis of the data was performed with Image J
version 1.42q using the analyze tool to determine the integrated densities (i.e.,
the area of the band multiplied by its darkness). For each glycoprotein, 100%
represented the total amount of protein. The amount of the endo H-resistant
form was expressed relative to that total.

Quantification of the subcellular localization of viral glycoproteins. Where
indicated, the localization of various glycoproteins labeled by immunofluores-
cence was quantified in cells arrested at 15°C or kept at 37°C as a control. Such
cells were also labeled with Hoechst stain to detect nuclei and with antibodies
directed against the ERGICS53 protein as a marker for the ERGIC. Ten random
microscopy fields were scored for the number of cells exhibiting glycoproteins in
either the nuclear or the ERGIC compartment (n = 34 to 147 per condition). A
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glycoprotein was considered nuclear only when it was not detected in any sub-
cellular compartment except the nucleus. The data are presented as the propor-
tion of cells relative to the total number of cells, which was set to 100%.

RT-PCR. The relative levels of the mRNA transcripts for HSV-1 gM and gN
were independently determined by reverse transcription (RT)-PCR assay. Total
RNA was extracted from HSV-1- or mock-infected cells at 0, 2, 4, 7, 10, and 12 h
p.i. using an SV total-RNA isolation kit (Promega). gM and gN were specifically
amplified with an AccessQuick RT-PCR kit (Promega), which generates reverse-
transcribed cDNA with the following primers: gagccttgtgggcacttatg (gM forward
primer), gtgatctgcagcaaccaaga (gM reverse primer), taatacacacgcccatcgag (gN
forward primer), and ggcctgttgtttgtcttget (gN reverse primer).

RESULTS

HSV-1 gM is localized on nuclear membranes and intranu-
clear invaginations. HSV-1 gM has previously been reported
in nuclear membranes and on perinuclear virions late during
infection (7). To determine when gM was targeted to the
nucleus, we determined its subcellular localization at different
times. For this purpose, 143B cells were chosen for their ability
to resist quite well the cytopathic effects induced by HSV-1 (13,
85). The nuclear membranes were labeled with an antibody
directed against several proteins of the NPC (19). In 143B cells
infected at an MOI of 2, gM was expressed as early as 4 h p.i.
and was distributed in a punctuated pattern throughout the
entire nucleus (Fig. 2). At 13 h p.i., gM was also abundant on
the nuclear rims. Given the numerous predicted transmem-
brane domains in gM (18), its localization in nuclear speckles
was unexpected. The transmembrane nature of gM was con-
firmed, since it was found in a total-membrane fraction pre-
pared from cells infected at 24 h p.i. (data not shown). Upon
closer examination, it became evident that the speckles were
often labeled with the NPC marker and hence delineated in-
tranuclear tubules and invaginations (Fig. 2, X-Z and Y-Z).
gM was thus predominantly, if not exclusively, on nuclear
membranes as early as 4 h p.i. This phenomenon was not
restricted to 143B cells and was also noted in the unrelated
HeLa cell line (data not shown).

gM reaches the nucleus well before the TGN is disrupted by
the virus. Several scenarios could be envisaged to explain the
presence of gM on nuclear membranes. In the first model, gM
would first be delivered to the TGN and then passively re-
trieved to the nucleus via a nonspecific redistribution of TGN
proteins to the nucleus. This seemed a plausible idea, given
that HSV-1 profoundly alters the intracellular architecture by
remodeling the actin cytoskeleton, microtubules, Golgi appa-
ratus, TGN, and mitochondria (1, 4, 13, 23, 74, 85). Further-
more, Baines and colleagues (7) showed that HSV-1 gM and
various Golgi apparatus/TGN markers relocalize to nuclear
membranes at 13 to 16 h p.i. (7). However, our data indicated
that gM was already at the nucleus much earlier. We therefore
examined the kinetics of these events. gM and two markers of
the TGN (TGN46 and p230) were followed during the course
of an infection. gM was again detected as early as 4 h p.i. in the
nucleus, although its expression was maximal only later (Fig.
3), in agreement with a global HSV-1 microarray analysis (80).
Interestingly, gM was exclusively nuclear at early time points
and only started to escape from the nucleus around 9 to 10 h
p.i. During the early stages of the infection, the TGN remained
relatively intact and was perturbed only thereafter. Similar
results were obtained upon analyzing the Golgi apparatus with
the Golgin97 marker (data not shown). These experiments
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suggest that newly synthesized gM was actively retained at
nuclear membranes and not passively redirected there upon
TGN disruption.

Contribution of the ER retrieval route to nuclear localiza-
tion of gM. Proteins synthesized in the ER and destined for
that compartment occasionally escape and enter the secretory
route toward the Golgi apparatus. To correct their mislocal-
ization, the cell developed a retrieval apparatus to recycle
mislocalized proteins back to the ER via retrograde transport
pathways (34, 59, 62, 63). Though they achieve the same goal,
two mechanisms operate in parallel. In the first, soluble ER
proteins are retrieved via their carboxyl-terminal KDEL se-
quences (64). The second mechanism operates on integral
proteins that contain a carboxyl-terminal KKXX motif. This
motif interacts with COPI components that are packaged into
vesicles destined for retrograde transport toward the ER (16,
49). Although such mechanisms are not known to direct pro-
teins to the inner nuclear membrane, they do target proteins to
the outer nuclear membrane, since it is continuous with the ER
membrane. This is of particular interest given the presence of
gM on the outer nuclear envelope (7, 92).

To evaluate a potential contribution of the COPI recycling
pathway, gM was tagged with the ER retrieval signal KKSL.
Such an approach has been used successfully with the herpes-
viral glycoproteins gD and gH (11, 79, 91). The ER tag was
added to the very carboxyl-terminal end of GFP-gM encoded
by a plasmid (pEGFP-gM/ER). As a control, an inactive form
of such a tag, KKSLAL, was also generated (pEGFP-gM/
CTL). Transfected gM/CTL colocalized very well with the
TGN of transfected 143B cells (Fig. 4) and occasionally with
the plasma membrane. This was consistent with an untagged
gM construct (6, 17), indicating that the GFP tag did not
perturb the normal localization of gM. In contrast, the local-
ization of gM tagged with the KKSL signal was different. It
colocalized to a significant extent with the ER and nuclear
membranes, as indicated by its partial colocalization with the
ER marker protein calnexin. As described for other KKSL-
tagged HSV-1 glycoproteins (11, 79, 91), some gM was also
found at the TGN, particularly in highly expressing cells, pre-
sumably because the ER retrieval apparatus had been over-
loaded. Once again, the GFP moiety did not alter the ability of
the KKSL retrieval signal to function properly, since the mol-
ecules behaved exactly as for similar non-GFP-labeled con-
structions. The ER motif could therefore retrieve some of the
transfected gM that had reached the Golgi apparatus back to
the ER. Moreover, labeling with a gM-specific antibody gave
the same results as the GFP signal, confirming the localization
of gM (data not shown). Recycling of gM from the Golgi
apparatus was therefore possible, but despite the presence of
GFP-gM/ER at the nuclear periphery, its subcellular localiza-
tion differed considerably from that of gM in HSV-1-infected
cells (Fig. 2 and 3). Most prominently, gM expressed upon
transient transfections was completely absent from nuclear
speckles and invaginations (Fig. 4). Hence, these experiments
were open to other interpretations. For instance, gM could be
targeted to nuclear membranes by a different mechanism, or
some component to transfer gM from the outer to the inner
nuclear membrane might have been missing. Furthermore,
viral proteins often exhibit a different subcellular localization
when expressed in isolation or in the context of an infection.
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FIG. 2. gM localizes primarily in punctate extensions and invaginations of nuclear membranes in infected cells. 143B cells were infected with
wild-type HSV-1 strain 17" at an MOI of 2. At the indicated time points, the cells were fixed and stained for gM (green), the NPC using MAb
414 (red), and the nucleus using Topro-3 (blue). The cells were then examined by laser scanning confocal microscopy. The individual color channels
were scanned sequentially with only the fluorescence-stimulating laser powered on. Orthogonal slices in the X-Z and Y-Z planes were constructed

in which the gray lines represent the cutting positions for the analysis.

Another option would be that virus-expressed gM never gained
access to the ER retrieval machinery in the first place.

gM accumulates in the nucleus upon infection with
HSVBAC-gM/ER. Given a potential discrepancy between
transfection and infection and the efficacy of the KKSL target-
ing signal to redirect gM and other glycoproteins to the ER
compartment, the KKSL or control KKSLAL sequence was
introduced into the HSV-1 genome using the BAC clone

pHSV-1(17")bluelox (61). As detailed in Materials and Meth-
ods, the bacmids were as expected and, given the clonal nature
of our approach, devoid of any remaining traces of wild-type
gM. Tagging gM had no impact on HSV-1 growth in non-
complementing cells and consequently had no effect on viral
entry, replication, assembly, or egress (Fig. 1D).

Next, we infected 143B cells with HSV-gM/ER or gM/CTL
and analyzed the localization of gM using immunofluorescence
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FIG. 3. Nuclear membrane localization of gM occurs prior to the dispersion of the TGN. 143B cells were infected with wild-type HSV-1 strain
17* at an MOI of 2. The infected cells were fixed at various times during the infection and labeled for gM (green), TGN46 or p230 (red), and
Topro-3 (blue) as indicated. The confocal images were processed as described in the legend to Fig. 2.
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FIG. 4. ER tag is functional. 143B cells were transfected with en-
hanced GFP plasmids expressing the targeted forms of gM pEGFP-
gM/CTL (A and B) or pEGFP-gM/ER (C and D). Twenty-four hours
later, the cells were fixed, permeabilized, and stained in red for either
TGN46 (TGN marker) or calnexin (ER marker).

microscopy. When infected at the physiological temperature of
37°C for 4 h, both gM/ER and gM/CTL proteins predomi-
nantly accumulated at the nuclear periphery and in nuclear
speckles with limited colocalization with the TGN (Fig. 5).
Thus, unless the ER tag did not work properly, the virus seem-
ingly relocated gM from either the TGN (gM/CTL) or the ER
(gM/ER) to the nucleus. These results were consistent with a
potential retrieval of gM from the TGN and with a potential
contribution of another viral factor in the targeting of gM to
the nuclear membranes. However, there remained the formal
possibility that gM had never reached the Golgi apparatus and
in fact had never left the nucleus in the first place.

Early nuclear gM does not transit through the secretory
pathway. To probe whether gM expressed early during an
infection enters the secretory pathway at all and is subse-
quently retrieved to the nuclear membranes from the Golgi/
TGN, we inhibited the transport between the ER and the
Golgi/TGN and asked whether this impedes the presence of
gM at the nucleus. This approach relied on the ability of a 15°C
incubation to trap all cargo at the ERGIC (38, 53, 75). Thus, if
gM transits through the TGN en route to the nucleus, it should
accumulate at the ERGIC at 15°C and colocalize with the
ERGIC53 marker protein (78). Cells were infected with
HSV-1 or mock treated, incubated for 4 h at 37°C to allow viral
entry and replication, and then kept for an additional 4 h at
15°C. As a control, cells were incubated in parallel for 8 h at
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FIG. 5. gM/CTL and gM/ER accumulate in the nucleus in infected
cells. 143B cells were infected with HSV-gM/CTL (A) or HSV-gM/ER
(B) for 4 h at 37°C. The cells were fixed, permeabilized, and double
stained for gM (green) and TGN46 (red).

37°C. Note that during this time, gM was already expressed
(Fig. 2 and 3) but viral egress was still in its early stages. A
MAD directed against ERGICS3 labeled a typical perinuclear
compartment (Fig. 6A to F), which was particularly tight at
15°C, as reported before (38, 78, 82). In this experiment, gM
remained exclusively associated with nuclear membranes, sug-
gesting that newly synthesized gM had never gained access to
the secretory pathway (Fig. 6C and D). In contrast, the HSV-1
glycoproteins gB, gD, and gH clearly colocalized with
ERGICS3 after prolonged incubation at 15°C (Fig. 6E and F
and data not shown). Quantification of these results revealed
that gM was exclusively nuclear in 90% of the cells, while few
gB (4%), gD (0%), and gH (11%) molecules were nuclear but
rather localized at the ERGIC (Fig. 6G). The data strongly
supported a model whereby gM was actively retained in nu-
clear membranes and did not enter the secretory pathway.
Furthermore, this nuclear localization appeared to a specific
feature of gM.

Based on our results thus far, newly synthesized gM never
seemed to reach the TGN but was specifically retained in the
nucleus shortly after its synthesis. If this were the case, gM
should mostly have an immature, high-mannose, N-linked gly-
cosylation pattern. We therefore evaluated the sensitivity of
gM to endo H, an enzyme that cleaves only high-mannose
immature N-linked sugar chains, but not mature chains from
glycoproteins (83). We proceeded to analyze gM from total
143B cell lysates. Unfortunately, although gM was detected by
immunofluorescence as early as 4 h p.i., it was not detected by
Western blotting at that time even upon loading up to 150 ng
of total proteins per lane (data not shown). Given that gM is
exclusively nuclear at 4 h p.i. (Fig. 2, 3, and 5), we reasoned
that gM was perhaps marginal in the sea of host and viral
proteins. The obvious alternative was to enrich the prepara-
tion for nuclei. Whereas the isolation of HSV-1-infected
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nuclei requires lengthy optimization steps, our laboratory
had already reported the purification of infected nuclei from
HeLa cells (67). Since HeLa cells behave the same way as
143B cells with respect to the presence of gM on nuclear
membranes early during infection (data not shown), it was
possible to use them for this purpose. Consequently, to
specifically ask whether the nuclear pool of gM had a mature
glycosylation profile, we used the previously described assay
to purify nuclei from HSV-1-infected HeLa cells at 6 to 8 h
p.i. (67). These relatively pure nuclei were lysed, treated
with endo H, and analyzed for gM by immunoblotting. The
vast majority of gM was sensitive to this enzyme (Fig. 6H),
indicating that gM contained immature glycosylation chains
and therefore never reached the Golgi apparatus or the
TGN, where the N-linked sugar chains are further processed
into the more mature forms. Quantification of the results
with Image J software indicated that 91.0% * 11.3% of gM
was endo H sensitive and hence immature. This high rate of
immaturity was specific to gM, as reprobing of the same blot
indicated that gD was 37.6% = 7% mature (Fig. 6I).

To show that gM did eventually mature, we performed
two additional experiments. First, we isolated total cell ly-
sates at 24 h p.i. from infected 143B and HeLa cells, di-
gested the samples with endo H, and analyzed them as
described above. As expected, a mixture of mature and
immature gM molecules was detected (54.1% = 4.5% ma-
ture) in 143B cells. Similar results were obtained for gD
(50.4% = 6.2% mature) in 143B cells or in HeLa cells (Fig.
61). Second, we probed the maturity of the N-linked sugars
of ¢gM and gD in extracellular virions. Whereas gM was
exclusively mature in extracellular virions (we did not detect
any endo H-sensitive band), nearly all gD displayed mature
sugars in 143B cells (92.8% =+ 7%) (Fig. 61). Once again, the
data were similar in HeLa cells (Fig. 6I). Surprisingly, ma-
ture gM was also found in HSV-gM/ER virions (data not
shown). Together, these data corroborated all previous re-
sults and indicated that gM was not simply targeted to nu-
clear membranes as a result of TGN reorganization or
through its retrieval from the secretory pathway. Instead,
gM was actively targeted to the nucleus shortly after its
synthesis during the early stages of the infection.

gM is specifically targeted to the nucleus. Our results sug-
gested that the nuclear localization of gM was specific to this
HSV-1 glycoprotein. This was unexpected, given that gM in-
teracts with the HSV-1 glycoproteins gD and gH but not with
gB and redirects gD and gH from the cell surface to the TGN
upon cotransfection (17). To address whether gM interacted
with gB, gD, or gH, their subcellular localization was analyzed
in infected 143B cells. Since gB, gD, and gH are typically
located at the TGN (17, 85), the infected cells were arrested at
20°C. Incubation at that temperature favors the detection of
proteins even transiently residing in the TGN, since they can-
not escape from that compartment (85). In cells infected with
either HSVBAC-gM/ER or -gM/CTL at an MOI of 2, gM was
again located on nuclear membranes (Fig. 7), while gB was in
a perinuclear compartment partially overlapping with the TGN
(85). In contrast, gD and gH were almost exclusively located at
the TGN, with no indication of a presence in the nucleus. Thus,
HSVBAC-gM/ER failed to target the other HSV-1 glycopro-
teins to the nuclear membranes and gM seemed to interact
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FIG. 6. The early gM nuclear pool does not transit through the TGN. 143B cells were infected with wild-type HSV-1 strain 17* (HSVwt) at
an MOI of 2 for 4 h at 37°C, followed by an additional 4 h at 37°C or 15°C. The cells were fixed and stained against the ERGIC (red) and gM
(A to D) or gB (E and F) (green). gD and gH were also analyzed, with results similar to those for gB (data not shown). (G) Quantification of the
distribution of the glycoproteins in either the nucleus (NM [nuclear membrane]) or ERGIC in panels A to F was done for 10 random microscopy
fields. The total cell number was between 34 and 147 for each condition and was normalized to 100%. (H) HeLa cells were mock infected or
infected for 8 h with wild-type HSV-1 strain 17*. At that point, the nuclei were isolated as described in Materials and Methods and treated with
endo H (+) or incubated in the absence of the enzyme (—) and loaded on an SDS-PAGE gel. The separated proteins were transferred onto a
polyvinylidene difluoride membrane and probed for gM or gD by Western blotting. Note the various forms of the glycoproteins (nonglycosylated
precursor, immature high-mannose form, and mature protein). (I) Quantification of endo H resistance by Image J. gM and gD on nuclei (H), in
24-h p.i. cell lysates, or in extracellular virions were resolved by SDS-PAGE, digested with endo H, probed by Western blotting, and quantified
(see Materials and Methods). The error bars depict the standard deviations of the means.

with these glycoproteins only later during infection and/or
somewhere downstream in the secretory pathway. Alterna-
tively, this interaction may only occur after their transient
coexpression upon transfection. Most importantly, our data
suggested that the early nuclear targeting of gM is highly spe-
cific.

Nuclear targeting of gM depends on other viral proteins.
Upon transfection, gM/CTL was localized to the TGN and the
cell surface (Fig. 4), in agreement with the results of others
(17). In contrast, virus-expressed gM was predominantly lo-
cated at nuclear membranes early during the HSV-1 infection
(Fig. 2, 3, 5, and 6). Furthermore, the subcellular distribution
of transfected gM/ER differed significantly from gM expressed
during an infection (Fig. 4). Thus, gM localization to nuclear
speckles and invaginations may require other viral proteins. To
test this directly, cells were transfected with pEGFP-gM/CTL,

subsequently infected with wild-type HSV-1, and examined at
various times. Transfected gM was indeed relocated from the
TGN to the nuclear membranes during the course of infection
(Fig. 8A through F), albeit less efficiently than virus-expressed
egM (Fig. 2 and 3). The nuclear localization of gM was partic-
ularly evident upon three-dimensional reconstruction of the
data generated by confocal microscopy (Fig. 8G and H). Note
that some gM was found at the TGN, but this was expected in
the experimental design used, since the cells were transfected
for 24 h prior to their infection with wild-type HSV-1 to allow
the expression of the transgene. This allowed many gM mole-
cules to reach the TGN before inoculation of the cells with the
virus. Importantly, we never saw gM nuclear speckles in cells
transfected with gM but not infected. Thus, HSV-1 actively redi-
rected both transfected and virus-expressed gM to nuclear mem-
branes in a process that required at least one other viral protein.
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FIG. 7. gM/ER does not alter the targeting of other viral glycoproteins. 143B cells were infected with HSV-gM/CTL (A to D) or HSV-gM/ER
(E to H) at an MOI of 2 for 7 h at 37°C and then for 6 h at 20°C. The 20°C block, which specifically stops newly made proteins in the TGN, has
been shown to arrest several HSV-1 envelope glycoproteins in the TGN. The cells were fixed, permeabilized, and double stained with antibodies
against viral glycoprotein gB, gD, gH, or gM (green) and TGN46 (red).

Early nuclear gM does not colocalize with its partners. gM Unfortunately, it was not known whether this also is the case at
nuclear localization may be mediated via any one of its binding earlier time points. We therefore sought to verify this. Cells
partners. Wills and colleagues recently reported the participa- were consequently mock treated or infected with wild-type

tion of U;31 and U, 34 in this process late in infection (92). virus, and U, 31 and U, 34 localization was monitored at 4 h p.i.
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FIG. 8. HSV-1 redistributes transfected gM to the nucleus. (A to F) 143B cells were transfected with the pEGFP-gM/CTL plasmid. Twenty-four
hours posttransfection, the cells were infected with wild-type HSV-1 strain 17" at an MOI of 2. Shown are confocal images of cells expressing
enhanced GFP (EGFP)-tagged gM/CTL at the indicated times after infection. For the last time point (13 h p.i.), a zoom view (F) of the boxed
area in panel E is provided to better show the presence of gM on nuclear membranes and the TGN (highlighted by arrows). (G and H) Enlarged
images of cells expressing EGFP-gM/CTL at 13 h p.i., which were also probed for the nuclear membrane marker NPC (red) and with the nuclear
DNA dye Topro-3 (blue). Confocal microscopy and image processing were performed as described in the legend to Fig. 2.

The data showed that neither protein colocalized with gM at
4 h p.i. (Fig. 9). We therefore asked whether other gM partners
might contribute to the nuclear targeting of gM. VP22 (Fig. 9),
which directly binds to gM during a PRV infection (26, 81), or
gD and gH (Fig. 7), which both functionally interact with gM,
were not detected in the nucleus by 4 h p.i.

Although not yet proven for HSV-1, gM from many herpesvi-
ruses forms a complex with the integral protein gN, encoded by
the U; 49.5 or U} 49A gene (8, 37, 94). Interestingly, proper trans-
port and processing of the gM/gN complex often depends on their
mutual interaction (28, 44, 51, 55, 73). Unfortunately, it was not
possible to determine the subcellular localization of gN due to the
lack of antibodies, but we monitored gN expression by RT-PCR
(Fig. 9F). gN was expressed starting at 7 to 10 h p.i. and could not
be detected at 4 h p.i., a time when gM was already in nuclear
membranes. gN thus could not be responsible for the nuclear
retention of gM. In conclusion, none of the described gM inter-
action partners could explain the early nuclear targeting of gM.

DISCUSSION

We initiated this study to elucidate the specificity and the
mechanism of HSV-1 gM targeting to nuclear membranes. Our

time course experiments indicated that gM was rapidly tar-
geted to the nucleus early during HSV-1 infection in at least
two different cell lines (Fig. 2 and 3). This is in line with the
results of Baines and colleagues, who focused on late events
from 13 to 16 h p.i. and convincingly demonstrated that gM is
localized at both nuclear membranes and on perinuclear viri-
ons (7). While that initial study suggested that the nuclear
localization of gM may be due to a bulk retrieval of the TGN/
Golgi components to the nucleus at those times (7), a subse-
quent study by the same group indicated that U; 31 and U, 34
may actively participate in this process (92).

The present study adds an additional layer of complexity, as
gM was targeted to nuclear membranes well before the TGN
was disrupted (Fig. 3). In contrast, gB, gD, and gH, as well as
two classical TGN markers and one Golgi marker, were all
absent from the nucleus during the first 8 to 10 h p.i., while gM
was already detected in the nucleus as early as 4 h p.i. (Fig. 3),
in agreement with published microarray data (80). Further-
more, gM displayed immature sugars and never transited
through the Golgi apparatus and the TGN at early time points
but acquired mature sugars later on (Fig. 6). HSV-1 gM is thus
actively and specifically recruited to nuclear membranes early
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FIG. 9. gM partners are not involved in gM nuclear localization. (A
to E) 143B cells were infected with wild-type HSV-1 strain 17" at an
MOI of 2 for 4 h at 37°C and then fixed and stained against the viral
proteins gM, VP22, U;31, and U, 34 (green) and with the nuclear
DNA dye Topro-3 (blue). Confocal microscopy and image processing
were performed as described in the legend to Fig. 2. (F) Total RNA
was extracted from HSV-1-infected cells and reverse transcribed, and
gM and gN were PCR amplified as described in Materials and Meth-
ods. The upper blot shows gM RNA expression from the control
mock-infected 143B cells or cells infected for 0, 2, 4, 7, 10, or 12 h. The
lower blot shows the same conditions for gN.

in the viral life cycle and never enters the secretory pathway.
Consequently, the early gM nuclear localization cannot be
explained on the basis of the HSV-1-induced TGN reorgani-
zation.

The absence of a prominent phenotype in HSV-gM/ER may
at first seem unexpected (Fig. 1D). However, it may merely
reflect the nonessential status of gM during an HSV-1 infec-
tion (5, 21) and/or reiterate the redundant nature of herpesvi-
rus glycoproteins to ensure the propagation of the virus. An-
other explanation may be the sheer abundance of viral
proteins, in comparison to host proteins, which could therefore
overwhelm the ER retrieval machinery. However, in view of
the nuclear retention of gM, the results made sense, since the
KKSL retention signal can only function if the tagged protein
escapes the ER and reaches the Golgi apparatus/TGN. As this
occurred only late during infection, the ER tag could not
operate until then and would not play any role early during
infection. Altogether, the data confirmed that gM never tran-
sited through the ERGIC, the Golgi apparatus, or the TGN
and therefore never encountered the ER retrieval machinery
early during infection.

One surprising result was the incorporation of gM/ER into
extracellular virions, since the protein should have been re-
tained in the ER once it left the nucleus. This interpretation is
consistent with reports regarding ER-tagged gD or gH (11, 79,
91). At this point, we cannot explain this discrepancy. It may be
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that enough gM/ER leaks out and makes it to the secondary
site of reenvelopment later in the infection. This is supported
by our findings that overexpressed gM/ER ends up in the TGN
(Fig. 4), just like overexpressed gD/ER and gH/ER do (11, 79,
91). Though we sequenced the virions, found the anticipated
ER retention signal, and used only low-passage viral stocks for
our experiments, we cannot rule out the possibility that the ER
tag did not work properly in the context of the infection.
However, this caveat does not alter the overall conclusion that
gM is found at the nuclear membranes early on.

The early presence of gM on nuclear membranes and its
involvement in gD and gH recycling from the cell surface to the
TGN later on (17) provided an experimental window to eval-
uate when such interactions occurred. Since gD and gH were
absent from the nucleus at early time points, the results suggest
that the interactions between them and gM occur later and/or
somewhere downstream of the ER and nuclear membranes,
once gM would have acquired a mature glycosylation (Fig. 6
and 7). Alternatively, these interactions may be measurable
only under cotransfection conditions. Either way, the results
underscored the unique property of gM to localize to nuclear
membranes early in infection.

The targeting of integral proteins to nuclear membranes is
the subject of intense scrutiny. To our knowledge, no specific
trafficking signal has yet been indentified in these proteins.
Furthermore, gM does not contain any of the characterized
nuclear localization signals (PredictNLS software; data not
shown). However, this was not surprising, as nuclear localiza-
tion signal motifs are normally used to target soluble proteins
into the nucleus and may not be relevant for gM. Clearly, gM
was directed to nuclear invaginations and speckles only in the
presence of other viral proteins (Fig. 8). The targeting of gM to
nuclear membranes may depend on its folding status, post-
translational modifications, and/or interactions with other pro-
teins. Possible viral candidates for gM nuclear retention in-
cluded gD, gH, VP22, U, 31, and U, 34. However, none of
them colocalized with gM in the nucleus at 4 h p.i. (Fig. 7 and
9). These observations are consistent with published studies,
which have reported on the largely cytoplasmic localization of
VP22 and U, 34 at early time points (22, 66, 71, 95, 96) or on
the appearance of U, 31 at the nuclear membranes only from
8 h p.i. onward (71). Note that at 12 h p.i., both U; 31 and U, 34
stainings gave a characteristic nuclear ring pattern (data not
shown). Furthermore, the U, 31/U, 34 complex does not phys-
ically interact with gM in coimmunoprecipitation assays (92).
Baines and colleagues also reported few effects of the HSV-1
Ug3 kinase, which modulates U; 31/U; 34 localization, on the
nuclear localization of gM (7). However, the U; 31/U, 34 com-
plex seems to be involved late in infection, since at that time it
does affect gM nuclear recruitment, as well as its relative dis-
tribution between the inner and outer nuclear membranes
(92). Another potential gM-interacting partner, gN, was not
detected at early times of infection when gM was retained at
the nucleus (Fig. 9). Since gN seems to favor gM processing
and transport, at least in some herpesviruses (28, 44, 51, 55,
73), it may facilitate gM exit from the nucleus later on, as the
onset of gN transcription coincides with the nuclear egress of
gM (Fig. 9). However, HSV-1 does not require gN to reach the
TGN in transfected cells (17). In conclusion, none of the
known interaction partners of gM seemed to be involved in its
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nuclear presence early in infection. Clearly, further experi-
ments are needed to define how gM is targeted to nuclear
membranes.

One stimulating issue is the potential role of HSV-1 gM at
the nuclear membranes. Although work by Leege and col-
leagues suggests that deletion of gM does not impact the nu-
clear egress of both PRV and HSV-1 capsids (48), a compen-
satory mechanism cannot be ruled out in light of the built-in
functional redundancy commonly observed in herpesviruses. In
addition, the presence of gM on nuclear membranes is unlikely
to be due merely to chance. This is substantiated by the nu-
merous interactions between the related varicella-zoster virus
and Kaposi’s sarcoma-associated herpesvirus gM and viral pro-
teins found in the nucleus, including ICP0O, ICP4, the packaging
U, 33 protein, and the U, 30 polymerase, as well as the U; 31
and U; 34 molecules (87, 92). Should gM be involved in HSV-1
nuclear capsid egress, various hypothetical scenarios may be
considered. One possibility is that gM marks some kind of
nuclear exit site where gM would assume a scaffolding role.
However, this would be surprising, as nuclear gM does not
overlap with the major capsid protein at these early times (data
not shown). Second, gM may induce or maintain nuclear in-
vaginations in an effort to reduce the overall distance between
any intranuclear assembly sites and the nuclear periphery. In-
terestingly, this possibility has previously been proposed for at
least one cytomegalovirus and another herpesvirus (12, 65). In
addition, the biological significance of the HSV-1-stimulated
nuclear invaginations that were seen in this study is high-
lighted by the fact they are readily detectable in the unre-
lated 143B, HeLa, and NRK cells (this study and data not
shown). Furthermore, they are not unique to infected cells
but have also been reported in normal uninfected cells (25,
76). Third, since gM modulates the syncytial activities of gB,
gD, and gH (40, 44, 86), which are ultimately also found on
nuclear membranes (24, 35, 79, 84), gM may prevent uncon-
trolled fusion between the inner and the outer nuclear mem-
branes. The recruitment of gM to the nucleus prior to the
other glycoproteins is consistent with this idea. Alterna-
tively, gM may fine tune and positively modulate the fusion
of HSV-1 perinuclear virions with the outer nuclear mem-
brane. Of course, gM could also have other unsuspected
functions on nuclear membranes.

Based on the present and past findings, a scenario emerges
in which gM is targeted to nuclear membranes very early after
its synthesis. This nuclear retention is achieved by one or sev-
eral viral proteins, but not by gB, gD, gH, gN, VP22, U, 31, or
U, 34 at that moment. At the nucleus, gM mediates some
aspect of the viral life cycle and later reaches the TGN, a
process possibly facilitated by gN. At the TGN, gM participates
in secondary and final capsid envelopment and is incorporated
into mature virions. Late in the infection, gM may be passively
redistributed to the nuclear envelopes as a consequence of
TGN rearrangement by the virus.
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